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1. Introduction 

&
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∘ ∘

&

2. SARIMA models 

(𝑝, 𝑑, 𝑞) × (𝑃, 𝐷, 𝑄)𝑠 

𝜙𝑝(𝐵)𝛷𝑃(𝐵𝑠)𝛻𝑑𝛻𝑠
𝐷𝑦𝑘 = 𝜇𝑦 + 𝛩𝑄(𝐵𝑠)𝜃𝑞(𝐵)𝑒𝑘

μy 𝜙𝑝(𝐵) = 1 − 𝐵𝜙1 −

𝐵2𝜙2−. . . −𝐵𝑝𝜙𝑝 𝜃𝑞(𝐵) = 1 −

𝐵𝜃1 − 𝐵2𝜃2−. . . −𝐵𝑞𝜃𝑞 𝑝

𝑞 

𝛷𝑃(𝐵𝑠) = 1 − 𝐵𝑠𝛷1 − 𝐵2𝑠𝛷2−. . . −𝐵2𝑝𝛷𝑝

𝛩𝑄(𝐵𝑠) = 1 − 𝐵𝑠𝛩1 −

𝐵2𝑠𝛩2−. . . −𝐵𝑠𝑞𝛩𝑞 𝑃

𝐷

𝑠

yk

𝑒𝑘 ∼ σ2

𝛻𝑠
𝐷

∇d

𝐵

𝜃(𝐵) = 0 𝜙(𝐵) = 0

𝐵𝑦𝑘 = 𝑦𝑘−1

𝐵𝑚𝑦𝑘 = 𝑦𝑘−𝑚

𝑑

𝛻𝑑 = (1 − 𝐵)𝑑

{𝑥𝑘}

𝑥𝑘 = 𝛻𝑑𝑦𝑘 = (1 − 𝐵)𝑑𝑦𝑘 = (𝑦𝑘 − 𝑦𝑘−1)𝑑

{ }

𝛻𝑠
𝐷𝑦𝑘 = (𝑦𝑘 − 𝑦𝑘−𝑠)𝐷
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Figure 1: The Hyndman-Khandakar algorithm process for automatic identification  

of the ARIMA model (Hyndman and Athanasopoulos, 2013). 

𝑑

𝐷

𝑃 𝑄

3. NNAR analysis 

−1 +1
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&

&

&

𝑗𝑡ℎ

𝑉𝑗 = ∑𝑚
𝑖=1  𝑦𝑖 𝑤𝑖𝑗 + 𝑏𝑗

𝑤𝑖𝑗

𝑗 𝑖 𝑏𝑗

𝑗 𝑚

𝑓 𝑉𝑗

𝑓(𝑣) =
1

1+𝑒−𝑣

bj

Figure 2: NNAR (𝒑, 𝑷, 𝒌)𝒎 model (Khalek & Ali, 2015). 
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𝑦𝑡

𝑝, 𝑘 𝑝

𝑘

(𝑝, 𝑃, 𝑘)𝑚 𝑃

{𝑦𝑡−1,  𝑦𝑡−2, . . . ,  𝑦𝑡−𝑚,  𝑦𝑡−2𝑚

𝑦𝑡−𝑃𝑚} 𝑘

𝑚

(4,1,14)12 {𝑦𝑡−1, 𝑦𝑡−2,  𝑦𝑡−3,  𝑦𝑡−4,  𝑦𝑡−14}

(𝑝, 𝑃, 0)𝑚

(𝑝, 0,0)(𝑃, 0,0)𝑚

(𝑝, 𝑃, 𝑘)𝑚

𝑝

𝑘

𝑘 = (𝑝 + 𝑃 + 1)2−1

4. Periodogram analysis 

{𝑦𝑘} 𝑛

𝐼𝑛(𝜗𝑝)

𝐼𝑛(𝜗𝑝) =
1

𝜋𝑛
| ∑𝑛

𝑘=1 𝑦𝑘𝑒−𝑖𝜗𝑝𝑘|2, 𝜗 ∈ [0, 𝜋]

𝜗𝑝 =
2𝑝𝜋

𝑛
, 𝑝 = 0,1,2, . . . ,

𝑛

2
.

{𝑦𝑘}

𝑦𝑘 = 𝜇𝑘 + 𝐴𝑐𝑜𝑠(𝜗𝑝𝑘 + 𝜙) + 𝑒𝑘

𝜗 𝜋

180∘

𝐴 𝜙

𝑒𝑘

𝑓 =
𝜗𝑝

2𝜋

1

𝑓

2𝜋

𝜗𝑝

𝑦𝑘 = 𝛼𝑐𝑜𝑠(𝜗𝑝𝑘) + 𝛽𝑠𝑖𝑛(𝜗𝑝𝑘) + 𝑒𝑘,  

𝛼 = 𝐴𝑠𝑖𝑛(𝜙) 𝛽 = 𝐴𝑐𝑜𝑠(𝜙) 𝜇𝑘 = 0

{𝑦𝑘}

𝑦𝑘 = ∑𝑚
𝑗=1 𝑎𝑗𝑐𝑜𝑠(𝜗𝑗𝑘) + 𝑏𝑗𝑠𝑖𝑛(𝜗𝑗𝑘) + 𝑒𝑘,  

 𝑎𝑗 = 𝐴𝑗𝑐𝑜𝑠(𝜙𝑗) 𝑏𝑗 = −𝐴𝑗𝑠𝑖𝑛(𝜙𝑗)

𝜗𝑘

𝜗𝑘
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𝑎 

𝜗𝑘 : 𝑎𝑘   𝑏𝑘 = 0 : 𝑎𝑘 ≠ 0 𝑜𝑟 𝑏𝑘 ≠

0

𝜗𝑝 =
2𝜋𝑝

𝑛
, 𝑝 = 0,1,2, . . . ,

𝑛

2

𝑔 =
max { 𝐼(𝜗𝑝)}

∑

𝑛
2
𝑝=1 𝐼(𝜗𝑝)

.  

 𝛼

𝑔𝛼

𝑔 > 𝑔𝛼) = 𝛼 𝑔 > 𝑔𝛼

{𝑦𝑘}

𝑔 > 𝑔𝛼)

𝛼

5. Harmonically coupled modelling 

�̂�𝑘 = 𝐷𝑘 + 𝑆𝑘

�̂�𝑘

𝐷𝑘 𝑆𝑘

 

Figure 3: Diagrammatic illustration of harmonically coupling sinusoidal hybrid model.
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𝑦𝑘}

𝐷𝑘) 𝑆𝑘)

�̂�𝑘 = 𝐷𝑘 + 𝑆𝑘

 𝑦𝑘 = �̂�𝑘 + 𝑒𝑘 .

𝑒𝑘

𝑘

𝑒𝑘 = 𝑦𝑘 − 𝐷�̂�

𝐷�̂� 𝑘

𝒓 (𝑒𝑘−1, 𝑒𝑘−2, . . . , 𝑒𝑘−𝑚)

𝑚

     𝑒𝑘 = 𝑓(𝒓) = 𝑓(𝑒𝑘−1, 𝑒𝑘−2, . . . , 𝑒𝑘−𝑚) + 𝜂𝑘 = 𝑆�̂�

𝑓

𝜂𝑘

�̂�𝑘 = 𝐷�̂� + 𝑆�̂�

6. Model diagnostics 

AICc AICc

𝐴𝐼𝐶 = 𝑙𝑛(𝑆𝑆𝐸/𝑛) +
2𝑘

𝑛

𝐴𝐼𝐶𝑐 = 𝐴𝐼𝐶 +
2𝑘2+2𝑘

𝑛−𝑘−1

𝐵𝐼𝐶 = 𝑙𝑛(𝑆𝑆𝐸/𝑛) +
𝑘𝑙𝑛𝑛

𝑛

𝑛 𝑆𝑆𝐸

𝑙𝑛

𝑘

%

𝑒𝑘 = (𝑦𝑘 −

𝑦�̂�) 𝑘 = 1, . . , 𝑛; 𝑦𝑘 𝑦�̂�

𝑘

𝑀𝐴𝐸 = ∑𝑛
𝑘=1 |𝑒𝑘|,

𝑅𝑀𝑆𝐸 = √∑𝑛
𝑘=1

(𝑒𝑘)2

𝑛
,

𝑀𝐴𝑃𝐸 = (
∑𝑛

𝑘=1
|𝑒𝑘|

𝑦𝑘

𝑛
) × 100%.

7. Empirical results and discussion 
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Table 1: Details of 10-minutely averaged GHI data series. 

Table 2: Details of 60-minutely averaged GHI data series. 

Figure 4: The 60-minutely (top) and 10-minutely (bottom) averaged time series plot of GHI  

series for the period of the 1st to 15th of January 2017. 
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Figure 5: The 60-minutely (top) and 10-minutely (bottom) averaged time series plot of  

GHI series for the period of the 2nd to 15th of June 2017. 

2𝜋 14⁄

2𝜋 84⁄

2𝜋 12⁄ 2𝜋 63⁄
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Table 3: Summary statistics for the January and June GHI data series. 

 
Table 4: Periodogram analysis for January 2017 data series and Fisher’s test for the  

significance of the largest ordinates. 

 

Figure 6: Periodogram plot of the 60-minutely (top) and 10-minutely (bottom)  

averaged GHI series for the period of the 01st to 15th January 2017. 

Table 5: Periodogram analysis for June 2017 data series and Fisher’s test for 
 the significance of the largest ordinates. 
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Figure 7: Periodogram plot of the 60-minutely (top) and 10-minutely (bottom)  

averaged GHI series for the period of the 02nd to 15th June 2017.

<

>

α

�̂�𝑘 ± 𝑍𝛼

2
 �̂�

�̂�

𝑒𝑛(𝑙)

{𝑊𝑘}
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• 

𝑦𝑘 = 𝜇 + 𝛼𝑐𝑜𝑠 (
2𝜋

14
𝑘) + 𝛽𝑠𝑖𝑛 (

2𝜋

14
𝑘) + (1 + 𝜙1𝐵 +

𝜙2𝐵2𝜙3𝐵3 + 𝜙4𝐵4)

 (1 + 𝜃1𝐵)𝑊𝑘 +  𝑒𝑘 + 𝑁𝑁𝐴𝑅(1,1,2)[14]

• 

𝑦𝑘 = 𝜇 + 𝛼 𝑐𝑜𝑠 (
2𝜋

14
𝑘) + 𝛽 𝑠𝑖𝑛 (

2𝜋

14
𝑘) + (1 + 𝜙1𝐵 +

𝜙2𝐵2𝜙3𝐵3 + 𝜙4𝐵4)

(1 + 𝜃1𝐵)𝑊𝑘 + 𝑒𝑘

• 

𝑦𝑘 = 𝜇 + 𝛼 𝑐𝑜𝑠 (
2𝜋

14
𝑘) + 𝛽 𝑠𝑖𝑛 (

2𝜋

14
𝑘) + 𝑒𝑘 +

𝑁𝑁𝐴𝑅(8,4

• 

𝑦𝑘 = 𝜇 + 𝛼𝑐𝑜𝑠 (
2𝜋

84
𝑘) + 𝛽𝑠𝑖𝑛 (

2𝜋

84
𝑘) + (1 + 𝜙1𝐵 +

𝜙2𝐵2)(1 + 𝜃1𝐵)𝑊𝑘  +  𝑁𝑁𝐴𝑅(27,1,4)[84]

• 

𝑦𝑘 = 𝜇 + 𝛼𝑐𝑜𝑠 (
2𝜋

84
𝑘) + 𝛽𝑠𝑖𝑛 (

2𝜋

84
𝑘) + (1 + 𝜙1𝐵 +

𝜙2𝐵2)(1 + 𝜃1𝐵)𝑊𝑘 + 𝑒𝑘

• 

𝑦𝑘 = 𝜇 + 𝛼𝑐𝑜𝑠 (
2𝜋

84
𝑘) + 𝛽𝑠𝑖𝑛 (

2𝜋

84
𝑘) +

𝑁𝑁𝐴𝑅(28,14) + 𝑒𝑘

• 

𝑦𝑘 = 𝜇 + 𝛼𝑐𝑜𝑠 (
2𝜋

12
𝑘) + 𝛽𝑠𝑖𝑛 (

2𝜋

12
𝑘) + (1 + 𝜙1𝐵)(1 +

𝜃1𝐵 + 𝜃2𝐵2)𝑊𝑘 + 𝑁𝑁𝐴𝑅(1,1,2)[12] + 𝑒𝑘

• 

𝑦𝑘 = 𝜇 + 𝛼 𝑐𝑜𝑠 (
2𝜋

12
𝑘) + 𝛽 𝑠𝑖𝑛 (

2𝜋

12
𝑘) + (1 + 𝜙1𝐵)(1 +

𝜃1𝐵 + 𝜃2𝐵2)𝑊𝑘 + 𝑒𝑘

• 

𝑦𝑘 = 𝜇 + 𝛼 𝑐𝑜𝑠 (
2𝜋

12
𝑘) + 𝛽 𝑠𝑖𝑛 (

2𝜋

12
𝑘) + 𝑒𝑘 +

𝑁𝑁𝐴𝑅(3,2)

• 

𝑦𝑘 = 𝜇 + 𝛼𝑐𝑜𝑠 (
2𝜋

63
𝑘) + 𝛽𝑠𝑖𝑛 (

2𝜋

63
𝑘) + (1 + 𝜙1𝐵 +

𝜙2𝐵2)(1 + 𝜃1𝐵 + 𝜃2𝐵2)𝑊𝑘 +

𝑒𝑘 (22,1,12)[63] 

• 

𝑦𝑘 = 𝜇 + 𝛼 𝑐𝑜𝑠 (
2𝜋

63
𝑘) + 𝛽 𝑠𝑖𝑛 (

2𝜋

63
𝑘) + (1 + 𝜙1𝐵 +

𝜙2𝐵2)(1 + 𝜃1𝐵 + 𝜃2𝐵2)𝑊𝑘  +𝑒𝑘  

•  

𝑦𝑘 = 𝜇 + 𝛼 𝑐𝑜𝑠 (
2𝜋

63
𝑘) + 𝛽 𝑠𝑖𝑛 (

2𝜋

63
𝑘) + 𝑒𝑘 +

𝑁𝑁𝐴𝑅(23,12)
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. 

 

Table 6: In-sample diagnostics for the fitted models on January 2017 GHI data series. 

Table 7: In-sample diagnostics for the fitted models on June 2017 GHI data series. 

Table 8: Summary statistics of the residuals of the models fitted on January 2017 GHI data series. 

Table 9: Forecasting accuracy of the fitted models on January 2017 GHI data series. 
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Table 10: Summary statistics of the residuals of the models fitted on June 2017 GHI data series. 

 

Table 11: Forecasting accuracy of the fitted models on June 2017 GHI data series. 

. 
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Figure 8: Two-days-ahead forecasts against actual GHI data series from 14 to 15 January 2017. 
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Figure 9: Two-days-ahead forecasts against actual GHI data series from 14 to 15 June 2017 

Figure 10: Comparison of GHI data series with 95% upper and lower prediction intervals  

for Model A3 (left) and Model A4 (right) 
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Figure 11: Comparison of GHI data series with 95% upper and lower prediction intervals  

for Model B3 (left) and Model B4 (right). 

 

8. Discussion of the results 

9. Conclusions 
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Appendix A 

Table A1: Parameter estimation for sinusoidal predictor function, fitted on 60-minutely  
GHI data series for January 2017. 

𝜇

𝛽1

𝛼1

Table A2. Parameter estimation for SARIMA model, fitted on 60-minutely  
GHI data series for January 2017. 

𝜙1

𝜙2

𝜙3

𝜙4

𝜃1

Table A3: Parameter estimation for sinusoidal predictor function, fitted on 10-minutely  
GHI data series for January 2017. 

𝜇

𝛽1

𝛼1

Table A4: Parameter estimation for the SARIMA model, fitted on 10-minutely  
GHI data series for January 2017. 

ϕ

𝜙2

𝜃1

Table A5: Parameter estimation for sinusoidal predictor function, fitted on 60-minutely 
 GHI data series for June 2017. 

𝜇

𝛽1

𝛼1

Table A6: Parameter estimation for SARIMA model, fitted on 60-minutely 
 GHI data series for June 2017 data. 

𝜙1

𝜃1

𝜃2
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Table A7: Parameter estimation for sinusoidal predictor function, fitted on 10-minutely  
GHI data series for June 2017. 

𝜇

𝛽1

𝛼1

Table A8: Parameter estimation for the SARIMA model, fitted on 10-minutely  
GHI data series for June 2017. 

𝜙1

𝜙2

𝜃1

𝜃2

 

 

Appendix B  

 

 

Figure B1. Adequacy examination for Model A3 for January 60-minutely data 
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Figure B2: Adequacy examination for Model A4 for January 10-minutely data. 

 

 

Figure B3: Adequacy examination for Model B3 for June 60-minutely data. 
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Figure B4: Adequacy examination for Model B4 for June 10-minutely data. 

 


